A kind of ruthenium oxide with smaller particles and higher porosity was prepared by a sol-gel process with RuCl 3 ·xH 2 O and NaHCO 3 solution. Several details concerning this new material, including crystal structure, particle size as functions of the temperature, and electrochemical properties were also reported. The optimal annealing temperature was 210 • C and the powder annealed at this temperature had a rate capacitance of 541 F/g. In addition, the rate capacitance of the composite electrode reached 802 F/g after 10% carbon black was added, much higher than any previously reported value. High energy density supercapacitors were built with the newly discovered electrode material. Energy densities as high as 67 J/g were obtained based on the RuO 2 ·xH 2 O alone. By introducing the highly porous carbon black into the electrode, energy densities great than 100 J/g could be achieved. The power density of the capacitor was enhanced significantly.
I. INTRODUCTION
Ruthenium oxide (RuO 2 ) has been widely used for different applications because of its good catalytic properties in electrochemical and photochemical process, as well as in high-charge storage-capacity devices. The ruthenium oxide prepared by Zheng and Jow through sol-gel process reached the optimized specific capacitance of 720 F/g after being annealed at 150
• C [1] [2] [3] . However, RuO 2 presented a low porosity structure and the electrode material crystallized at as early as 175
• C when the increase in rate capacitance stopped. Thus, the reported 720 F/g was only 80% of the theoretical value 900 F/g. Capacitors based on RuO 2 turned out to be too expensive. Several different approaches to maximizing the specific capacitance of RuO 2 have been investigated. Since the pseudo-capacitance of RuO 2 comes from surface reactions and the specific capacitance is proportional to the specific surface area, obviously the most effective way to increase the specific capacitance is to increase the surface area of the RuO 2 by having micropores large enough for diffusion of ions in the electrolyte.
Another effective approach consists of deposition of the RuO 2 films on substrates with a rough surface, and applying a coating of the RuO 2 to high-surface area materials such as carbon nanotubes and activated carbons [4] [5] [6] . However, the results of the Sato et al. indicated that the large particle size, resulting from the sol-gel process, blocked the mesopores in the activated carbon which lowered the double layer capacitance produced * Author to whom correspondence should be addressed. E-mail: xfw@mail.tsinghua.edu.cn by the carbon [7] .
In order to refine the particle size and increase the porosity of the powder, Popov prepared the ruthenium oxide via a colloidal method [8, 9] . A certain amount of carbon was used to control the RuO 2 particle size. Both the particle size and the amount of carbon loaded were thought to be factors influencing the rate capacitance. However, it is obvious that the optimized composite capacitance was only 599 F/g and the carbon loaded in the electrode wasn't effective in raising the capacitance of composite [8] .
In this work, we investigated a new sol-gel method to prepare ruthenium oxide. The powder was synthesized in a solution of RuCl 3 ·H 2 O and NaHCO 3 . The results indicated that the decomposition course of Ru(HCO 3 ) 3 at 210
• C helps to refine the particle size and increase the porosity of the powder. Also the crystallizing point was reduced from the reported 175
• C to 230
• C [10] . We also report several details concerning this new material, including crystal structure, particle size as functions of the temperature, and electrochemical properties. By introducing the high porous carbon black into the electrode, both the power density and the energy density of the capacitor were enhanced significantly. The results showed that loading 10% carbon black raised the capacitance of the composite electrode from 541 F/g to 802 F/g, thus demonstrating that porous RuO 2 powder, when loaded with the optimal amount of carbon black, yields markedly increased electrode capacitance and resistance.
II. EXPERIMENTAL SECTION
The RuO 2 ·xH 2 O powder was prepared by a new solgel process described as follows. The required amount of RuCl 3 ·H 2 O was dissolved in distilled water to give a desired concentration (0.1 mol/L). For the preparation of the RuO 2 /carbon composite electrode, the designed amount of carbon black (obtained from Xiahuayuan Calcium Carbide Factory, Zhangjiakou, China) was dispersed in the dilute RuCl 3 solution in advance. The BET surface area and pore size of the carbon black are about 150 m 2 /g and 8-12 nm, respectively. Then, the NaHCO 3 solution, with a concentration of 0.3 mol/L, was added slowly into the RuCl 3 solution until the PH reached 5. During the mixing, the RuCl 3 solution was stirred by a magnetic stirring bar and the process continued for 5 h after the black precipitate occurred. Different composites loaded with 10% and 20% carbon black were synthesized with this technique. The powder was heated in air at 80
• C for 10 h and then heated at various temperatures.
Polarizable capacitor electrodes can be manufactured using the ruthenium oxide/carbon composite material by various conventional methods [4] [5] [6] . Thus, the electro-active materials and water are mixed in a blender or kneader. The paste-like mixture obtained is then rolled to form flexible films with a thickness of 0.2 mm. This film-like raw material for the electrodes is cut into disks. The disk electrodes were then mounted on a graphite collector. Two test cells are introduced in this work. A beaker-type electrochemical cell equipped with a working electrode, a platinum counter electrode and a saturated calomel electrode (SCE) reference electrode was used. The electrodes were dipped into the 38% H 2 SO 4 solution. The geometric surface area of the working electrode was 0.15 cm 2 . The weight of the electrode was about 5 mg. The cyclic voltammograms(CV) presented in this work were steady state ones made after repeated potential sweeps. The electrochemically active surface area includes both the charge of the electrical double layer and that of the redox of the metal species; i.e. it reflects the pseudo-capacitance of the oxide electrodes. The other cell is much more characteristic of an actual working device. The electrodes are pressed together and separated by a porous glass fiber separator. The cells were tested by discharging through a fixed resistance in the conventional manner, thus demonstrating there is an exponential decay in voltage caused mainly by resistance of the cell). A range of constant current from 5 mA to 25 mA was used. These were connected to CHI660B system (obtained from the Shanghai Chenhua Corporation), which drove the voltage in either direction sequentially at predetermined constant sweep rates. The sweep rates ranging from 5-10 mV/s were used during testing. The surface morphology of the electrodes was observed using a HR-SEM.
The specific capacitance of the single electrode can be calculated from CV curves by the following equation:
here i and s are the current response and the potential sweep rate (dV /dt) respectively. The average specific capacitance of a single electrode (C s ) in the potential range of 0-1 V vs. SCE was calculated by integrating oxidation currents in the CV curves. The specific capacitance of the cell composed of anode and cathode can be evaluated from the charge/discharge test together with the following equation.
where C is the capacitance of a cell in Farads (F), I is the discharge current in ampere (A), ∆t is the time period in seconds for the potential change ∆V , in volts. By comparing the linearity of the voltage change with respect to time during the discharge period, the capacitance C was calculated.
III. RESULTS AND DISCUSSION
A. Electrochemical properties of RuO2 annealed at different temperature
The capacitance and resistivity of ruthenium oxide materials were dependent on the sample annealing temperature. Figure 1 shows the cyclic voltammograms of pure Ruthenium oxide treated at different temperatures at a scan rate of 5 mV/s. The magnitude of the currents observed change with the varying annealed temperature. The anodic and cathodic currents increased with an increase in treatment temperature, when T s <210
• C. The capacitance C s of the material was determined according to Eq.(1). The materials heated at 210
• C gave the largest voltammetric capacitance of 541 F/g. Moreover, the voltammograms of electrodes treated at different temperature showed increasing amounts of reversibility. It was found that the sample heated beyond 250
• C decreased its capacitance to less than 200 F/g. Figure 2 shows the specific capacitance of a single electrode (C s ) as a function of the annealing temperature (T ). It can be seen that the C s increased initially with increasing the annealing temperature, reaching 541 F/g at around 210
• C, but when the annealing temperature was higher than 210
• C, the value of C p dropped significantly. 
B. Thermal dynamic properties and SEM experiments
A computer-controlled thermogravimetric analyzer (TGA) and a differential scanning calorimeter (DSC) were used to study the weight change and enthaipic change during the thermal processes. The weight of powder decreased continuously as the temperature increased from the room temperature to ∼300
• C. The line in Fig.3 shows the derivative of the weight change as a function of temperature, studied by TGA measurement at temperature scan rate of 2
• C/min. From the derivative of the change in weight, three peaks were obtained, at ∼100, ∼210 and >250
• C, at which Ru(HCO 3 ) 3 , and RuO 2 ·xH 2 O, RuO 2 were formed, respectively. Peak A, at ∼100
• C, is due to the vaporization of H 2 O absorbed in the powder, and peak C, after 250
• C, is due to the crystalline transition, and these were in agreement with result of Zheng and Jow [1, 3] . So the final powder after crystallization is also RuO 2 . The peak B, at 210
• C, is related to the decomposition course of Ru(HCO 3 ) 3 , releasing H 2 O and CO 2 at the same time. Figure 4 shows the SEM images of the electrode materials annealed at 100, 170, 210, 250
• C, respectively. Although the particle of amorphous material heated at 
100
• C is ultrafine, as shown in Fig.4 (a) , the surface area of the electrode is very small for the ultrafine Ru(HCO 3 ) 3 , so particles impinge and reunite together. Hence, the capacitance of material heated at 100
• C is only 17 F/g. When the material as heated at higher temperature, the size of particle expanded and active surface area of the material increased. A large amount of grain could be observed at 210
• C as shown in Fig.4 (c) . The inert Ru(HCO 3 ) 3 decomposed greatly and large amounts of electro-active RuO 2 ·xH 2 O were produced at this temperature. At this point, the electrode exhibited tiny particle size (about 50 nm) and typical porosity. The maximum capacitance of 541 F/g was achieved at T =210
• C. Further increasing the annealing temperature caused more RuO 2 ·xH 2 O to become crystalline RuO 2 , and the crystal size increased, as shown in Fig.4 (d) . This fact can explain the sharp decrease of capacitance at 230
• C or above.
C. The cyclic voltammetry and A.C. impedance spectra of the RuO2·xH2O/carbon black composites A cyclic voltammetric measurement is helpful in understanding the macroscopic electrochemical surface reaction at the electrode of the supercapacitor during the charging and discharging process. Cyclic voltammetries on the RuO 2 ·xH 2 O/carbon black nanocomposite electrodes were performed to investigate the possible dominant mode of electrochemical energy storage on the electrodes loaded with different carbon. Figure 5 shows the CV curve of the composite electrode in the H 2 SO 4 electrolyte at a scan rate of 5 mV/s. The charging and discharging cyclic voltammogram CV is close to rectangular. The curve A in Fig.5 presents the cyclic voltammetric behaviors of pure RuO 2 ·xH 2 O, while the pure ruthenium oxide electrode clearly shows faradaic FIG. 4 The SEM images of the electrode materials annealed at (a) 100
• C, (b) 170
• C, (c) 210
redox reactions, which are observed at 0.6 and 0.4 V with respect to the SCE reference electrode representing the oxidation and reduction processes. The composite electrode produces a shape similar to that of the pure ruthenium oxide electrode, demonstrating faradaic redox behavior. However, the electrochemical capacitance scale of the composite is much larger than that of the individual materials. We can say from the CV curves that the composite electrode shows the characteristics of a pseudo-capacitive electrode. This larger electrochemical capacitance arises from the uniform mixture of ruthenium oxide with carbon black, which effectively increased the active sites on the oxide particles. The effective surface area of the ruthenium oxide, surrounded by carbon black, is enhanced distinctly in the nanocomposite when compared to the pure hydrous ruthenium oxide electrode, previously mentioned. Further, porous carbon black also serves as an electrolyte reservoir reducing the ionic diffusion resistance regardless of charging/discharging the current density. The current response of electrodes with 10% (curve B) and 20%(curve C) were enlarged greatly compared with those of pure RuO 2 ·xH 2 O electrodes. Figure 5 shows that the rate capacitance increased sharply to 802 F/g after 10% carbon black was loaded. While the rate capacitance remains about 760 F/g with 20% carbon black loaded. The 10% load proved to be the optimal ratio for the composite obtained in this work. Figure 6 depicts the complex-plane plots for pure ruthenium oxide and oxide/carbon black composite. Herein, we observe the complex-plane impedance of ruthenium oxide and composite to investigate the effect of carbon black on the composite. The internal pseudo-transfer resistance of the pure ruthenium oxide is very large, which results in serious deterioration of the capacitance at high discharge current. Although the internal resistance of the ruthenium oxide/carbon composite electrode is still large (1.7 Ω at 1 kHz) compared to carbon black electrode, the internal resistance of the nanocomposite electrode is much smaller than that of the pure ruthenium oxide. It is further proved that there is the formation of the charge-transfer complex between the uniform dispersion carbon black and the ruthenium oxide matrix of the composite. The carbon black complex reduced the ion intercalation distance to a matter of nanometers, facilitating the charge-transfer and lower resistance. 
D. Energy and power density
The average capacitance C of the capacitor was calculated by multiplying the current by the time duration of the discharge process and then dividing by the maximum applied voltage, according to Eq.(2). The total energy stored could be obtained by the following Eq.(3).
where C and V are the capacitance of the cell and the maximum applied voltage, respectively. Here, it is assumed that the capacitance is independent of the voltage. Energy densities as high as 67 J/g were obtained using only RuO 2 ·xH 2 O. By introducing high porous carbon black into the electrode, energy densities greater than 100 J/g could be achieved. The energy density of the capacitor was calculated based on the composite only (the mass of bond, separator, current collector and electrolyte is not included). This value is at least three times higher than that of carbon electrodes with aqueous electrolytes [11] . The capacitance as a function of current density was measured. Results for three capacitors made with different electrodes are shown in Fig.7 . It can be seen that the capacitance decreased at high current densities. The relationship between capacitance and current density is strongly dependent on the carbon black loading of the electrode. For capacitor A made with the low porosity electrode of pure RuO 2 ·xH 2 O, the capacitance at a current of 25 mA is about 55% of that at a lower current (in this case 5 mA). The deliverable energy, or energy density of the capacitor, will also drop by the same ratio, since the energy stored is proportional to the capacitance as shown in Eq.(3). For capacitor C composed of an electrode with 20% carbon black loaded, the power performance was improved significantly. It can be seen from Fig.7 that the reduction of the capacitance is less than 10% at a current density of 25 mA. By introducing the high porous carbon black into the electrode, both the power density and energy density of the capacitor was enhanced significantly. Figure 8 shows discharge curves of capacitor B at different current densities and demonstrates that the RuO 2 ·xH 2 O/carbon black material is capable of high power performance. A small voltage drop at the beginning, for high current density cases, was due to the internal resistance of the capacitor. 
IV. CONCLUSION
Ruthenium oxide with a smaller particle size and higher porosity was prepared by a sol-gel process with RuCl 3 ·xH 2 O and NaHCO 3 solutions. Several details concerning this new material, including crystal structure, particle size as a function of the temperature, and electrochemical properties were also reported. The performance of super capacitors made with RuO 2 ·xH 2 O and RuO 2 ·xH 2 O/carbon black composite electrodes was demonstrated. By introducing the high porous carbon black into the electrode, both the power density and energy density of the capacitor were enhanced significantly.
